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HIGHLIGHTS 


•  Thermal  post-curing  of  cross-linked  polybenzimidazole-based  HTPEM  under  air. 

•  Post-cured  membranes  showed  higher  mechanical,  thermal  and  chemical  ex-situ  stability. 

•  Durability  in  fuel  cell  cycled  operation  was  improved  by  longer  post-curing  times. 

•  The  occurring  degradation  mechanisms  were  determined. 

•  Longer  post-curing  period  were  shown  to  enhance  the  resistance  against  short  circuits. 
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The  lifetime  stability  of  membranes  is  one  of  the  main  requirements  regarding  reliability  of  high  tem¬ 
perature  polymer  electrolyte  membrane  fuel  cells.  The  present  work  has  improved  durability  under 
cycled  operation  by  thermal  post-curing  of  cross-linked  polybenzimidazole  (PBI)-based  membranes.  The 
membranes  were  dried  over  1,  2  and  3  h  at  250  °C  under  air.  Ex-situ  experiments  proved  an  increase  in 
stability  by  post-curing.  The  liquid  uptake  and  swelling  in  phosphoric  acid  increased  with  longer  curing 
periods.  The  effect  of  thermal  treatments  on  cycle  stability,  lifetime  and  begin-of-life  performance  of  the 
membrane  electrode  assemblies  (MEAs)  was  investigated.  Longer  post-curing  periods  of  the  membranes 
had  no  influence  on  the  MEAs'  begin-of-life  performance  and  constant  current  behavior  over  2300  h. 
However,  the  3  h  post-cured  MEAs  showed  enhanced  cycle  stability.  Post-mortem  analysis  was  carried 
out  to  identify  the  occurring  degradation  mechanisms.  While  a  significant  loss  of  phosphoric  acid  and  a 
reduction  of  electrochemical  surface  activity  on  the  cathode  were  observed  for  both  post-cured  MEAs, 
the  3  h  dried  membrane  sample  had  a  significantly  higher  resistance  against  pinhole  formation  during 
the  long  term  test.  Altogether,  this  work  presents  thermal  post-curing  as  a  promising  method  for  the 
reduction  of  degradation  determining  effects  in  fuel  cell  membranes. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Within  the  last  years  of  fuel  cell  development  major  attention 
was  given  to  polymer  electrolyte  membrane  fuel  cells  because  of 
their  promising  high  efficiency.  This  technology  is  often  based  on 
perfluorosulfonic  acid  polymer  membranes  (e.g.  Nafion®)  [1  .  As 
the  proton  conductivity  in  these  membranes  is  dependent  on 
presence  of  liquid  water,  their  operation  temperature  has  to  be 
lower  than  100  °C.  This  results  in  two  main  limitations.  First,  a 
humidification  of  the  reactant  gas  is  required  in  order  to  keep  the 
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conductivity  high  enough  for  fuel  cell  applications.  Second,  the 
catalyst  is  more  sensitive  against  impurities,  especially  carbon 
monoxide,  at  temperatures  less  than  100  °C  [2,3  . 

High  temperature  polymer  electrolyte  membranes  (HTPEM) 
using  phosphoric  acid  doped  polybenzimidazole  (PBI)  as  proton 
conductor  operate  at  higher  working  temperatures  of  150-200  °C 
without  the  necessity  of  humidification  of  the  reactant  gases  [4-6]. 
These  temperatures  have  additional  benefits  such  as  faster  reaction 
kinetics  on  the  electrodes,  increased  catalytic  activity  and  simpli¬ 
fied  heat  management  [7-10  . 

In  spite  of  these  advantages,  the  lifetime  of  the  HTPEM  mem¬ 
brane  electrode  assemblies  still  remains  the  major  concern.  Several 
achievements  have  been  made  in  the  last  years  for  constant  current 
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measurements  [11,12  .  However,  the  goal  of  minimal  performance 
losses  over  long  operating  periods  with  a  large  number  of  shut 
downs,  remains  challenging  [13].  In  several  studies,  the  lifetime 
reducing  degradation  effects  have  been  investigated  [11,12,14 — 16]. 
However,  the  detailed  mechanisms  that  occur  in  the  different  MEA 
components  and  the  relative  contribution  of  each  material's 
degradation  are  not  yet  completely  understood  [17]. 

For  HTPEM  fuel  cells  a  higher  resistant  membrane  against 
chemicals,  heat  and  mechanical  stress  in  combination  with  an 
enhanced  level  of  proton  conductivity  is  essential  17,18  .  Therefore, 
new  membranes  should  not  only  show  improved  stability  but  also 
allow  a  higher  phosphoric  acid  binding  capacity  19] .  Striving  for  the 
goals  of  performance,  lifetime  and  cost  on  the  membrane  side, 
different  approaches  have  been  reported  in  literature  [17-20  .  Most 
of  these  concepts  rely  on  new  combinations  of  polymers  and  their 
additives.  In  order  to  build  strong  covalent  linkages  with  the  imid¬ 
azole  groups  of  the  PBI,  covalent  cross-linkers  are  in  use.  The  cross- 
linked  PBI  has  a  higher  stability  than  membranes  of  pure  PBI. 
Various  different  cross-linkers  are  in  use,  such  as  organic  diacids  21  ], 
dihalides  [22-25],  diisocyanates  [26,27]  and  diepoxides  [28-30]. 
Wang  et  al.  reached  a  better  mechanical  and  chemical  stability  same 
as  a  higher  conductivity  at  higher  phosphoric  acid  doping  levels  of  an 
epoxy  cross-linked  PBI  membrane  [30].  Lin  et  al.  improved  the  per¬ 
formance  of  a  PBI  membrane  by  producing  mechanical  stable,  cross- 
linked  membranes  with  lower  thicknesses  and  therefore  reduced 
electrolyte  resistance  [31  ].  Aside  from  these  material  variations,  the 
fabrication  and  post-treatment  parameters  were  found  to  have  large 
influences  on  the  properties  of  the  final  membrane  [18,32,33].  Dur¬ 
ing  membrane  formation,  the  duration  and  temperature  of  various 
drying  steps  influence  the  materials'  morphology  33-35].  It  was 
found  that  thermal  treatment  did  positively  influence  the  liquid 
uptake  behavior  and  acid  binding  capacity  as  well  as  the  lifetime  and 
cycle  stability  [36-38  .  Due  to  thermal  post-curing  of  a  pure  PBI 
membrane  for  16  h  at  350  °C  under  argon,  Aili  et  al.  achieved  higher 
lifetime  under  constant  operation  at  0.6  A  cnrT2  [33]. 

In  the  present  work,  the  influence  of  shorter  thermal  post¬ 
treatment  under  air  at  250  °C  on  PBI-based  membranes  is 
analyzed.  Systematic  examinations  of  the  mechanical,  thermal  and 
chemical  properties  are  carried  out  and  the  data  are  compared  to 
electrochemical  lifetime  behavior  of  the  MEAs  under  start-stop 
cycling  and  2300  h  constant  operation.  An  understanding  of  the 
occurring  degradation  mechanisms  of  the  different  samples  should 
give  a  deeper  insight  in  the  benefits  of  membrane  post-curing. 

2.  Experimental 

2.1.  Membrane  preparation 

The  membranes  were  solution  casted  from  dimethylacetamide 
(DMAc,  synthesis  grade,  Merck).  Therefore,  meta-PBI  powder  was 
dissolved  in  DMAc  under  stirring  for  3  h  at  200  °C  under  pressure.  A 
solution  of  bisphenol  A  diglycidyl  ether  (synthesis  grade,  Sigma 
Aldrich)  in  DMAc  was  added.  All  chemicals  were  used  as  purchased 
without  further  purification.  The  membranes  were  casted  by  sol¬ 
vent  evaporation  at  70-100  °C  on  a  carrier  foil.  Thermal  post¬ 
treatment  in  the  dryer  was  done  for  1,  2  and  3  h  at  250  °C  under 
air.  Membranes  with  longer  post-treatment  got  brittle  and  were 
therefore  not  tested  in  this  work.  The  cross-linked  membranes 
were  referred  to  as  M0  (0  h),  Ml  (1  h),  M2  (2  h)  and  M3  (3  h).  The 
average  thickness  variation  of  the  sheets  was  below  1  pm. 

2.2.  Ex-situ  membrane  characterization 

The  thermal  stabilities  of  the  membrane  samples  were  deter¬ 
mined  by  thermo  gravimetric  analysis  (TGA)  on  a  Perkin— Elmer  TGA 


4000.  About  10  mg  of  the  material  were  filled  into  the  crucible.  All 
measurements  were  recorded  with  a  heating  rate  of  10  °C  min^1 
and  under  nitrogen  atmosphere. 

The  solubility  of  the  membranes  was  tested  by  extraction  in 
DMAc.  Pieces  in  the  size  of  3  cm  x  3  cm  were  dried  in  the  oven  over 
night  at  150  °C  before  their  weight  was  measured.  After  this,  the 
membrane  was  put  into  a  round  bottom  flask  and  covered  with 
DMAc.  The  solvent  was  heated  up  to  130  °C  for  one  hour.  After 
cooling  the  solution  to  room  temperature,  the  extracted  samples 
were  dried  over  night  at  150  °C  and  weighted  afterwards.  The 
extraction  residue  was  calculated  as  the  remaining  percentage  of 
the  membranes'  mass. 

The  swelling  behavior  and  liquid  uptake  of  the  membranes  were 
determined  by  immersing  2.5  cm  x  3  cm  pieces  in  phosphoric  acid 
for  30  min  at  130  °C.  The  weight  and  dimensional  changes  between 
the  dry  and  the  doped  membrane  were  recorded.  Liquid  uptake  and 
swelling  ratios  were  calculated  as  percentage  weight  increase  and 
dimensional  growth. 

The  mechanical  properties  of  the  samples  were  determined  by 
measuring  stress-strain  curves  on  a  BTl  FR0.5TN.D14/500NZwicki 
from  Zwick.  Membrane  pieces  (1  cm  x  15  cm)  were  punched  out  of 
the  membrane.  The  average  thickness  of  every  sample  was  evalu¬ 
ated  with  a  thickness  gauche  from  Sylvac.  All  measurements  were 
carried  out  at  room  temperature. 

To  investigate  a  possible  change  of  crystallinity  in  the  mem¬ 
branes,  X-ray  diffraction  (XRD)  patterns  were  taken  on  a  Seifert 
THETA/THETA-diffractometer  (GE  Inspection  Technologies)  equip¬ 
ped  with  a  Meteor  OD  detector,  using  Co-Ka  radiation  (A  =  1.79  A).  A 
26  detection  range  of  10-70°,  a  step  size  of  26  =  0.05°  and  an 
acquisition  time  of  10  s/(2#-step)  were  used. 

2.3.  MEA  preparation 

The  catalyst  support  (high  surface  area  carbon,  HSAC,  BET: 
250—300  m2  g-1)  material  with  PTFE  as  hydrophobic  binder  ma¬ 
terial  was  applied  on  a  wet  proofed  carbon  based  gas  diffusion  layer 
from  Freudenberg  Fuel  Cell  Technologies  (FFCT)  via  a  doctor  blade 
process.  The  height  of  the  doctor  blade  was  adjusted  to  610  pm  to 
get  an  optimal  loading  of  carbon/PTFE  on  the  gas  diffusion  layer  and 
dried  at  170  °C  under  constant  air  flow.  The  platinum  catalysts  were 
deposited  on  the  catalyst  support  layer  via  an  electroless  deposition 
method  by  impregnating  a  solution  of  H2PtCl6  into  the  catalyst 
support  layer  with  subsequent  thermal  reduction.  The  platinum  to 
carbon  ratio  was  set  to  0.4.  The  obtained  crystallite  size  of  the 
platinum  particles  on  the  HSAC  was  2.7  nm,  which  was  determined 
by  XRD  measurements.  The  MEAs  were  then  manufactured  by 
doping  the  catalyst  layer  with  phosphoric  acid  and  hot  pressing 
them  with  the  membrane.  All  samples  had  the  same  amount  of 
phosphoric  acid  in  the  finally  obtained  MEA. 

2.4.  MEA- testing 

The  begin-of-life  (BOL)  polarization  curves  were  determined  in 
a  single  cell  setup  with  an  active  area  of  50  cm2  and  a  single 
serpentine  channel  flow  field  structure  on  anode  and  cathode. 
Reactant  flow  rates  were  measured  and  controlled  using  mass  flow 
controllers.  The  cell  temperature  was  set  to  160  °C  controlled  by 
electrical  heating  cartridges  and  the  gas  stoichiometry  was  kept 
constant  at  1.2  for  hydrogen  and  2.0  for  air. 

Start  stop  cycle  tests  were  done  to  investigate  the  stability  of  the 
MEAs  under  fuel  cell  cycling  operation.  A  50  cm2  single  cell  was 
heated  up  to  80  °C.  At  this  temperature,  the  cathode  was  purged 
with  dry  air  for  five  minutes.  Then  the  cell  was  heated  to  120  °C.  At 
this  temperature,  the  anode  was  purged  with  nitrogen.  Afterwards 
the  hydrogen  flow  on  the  anode  and  the  air  flow  on  the  cathode 
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were  switched  on.  While  the  cell  was  heated  up  to  160  °C,  current 
was  drawn  at  0.25  A  cm”2.  As  soon  as  160  °C  was  reached,  the 
current  was  increased  to  0.5  A  cm-2  and  then  held  for  4  h.  In  the 
stop  period,  the  current  was  decreased  to  0.25  A  cm-2  while  cooling 
the  cell  to  120  °C.  The  current  was  switched  off  when  this  tem¬ 
perature  was  reached.  Afterwards,  the  anode  was  purged  with  ni¬ 
trogen  and  the  cell  cooled  down  to  room  temperature  for  four 
hours.  This  procedure  was  repeated  for  28  cycles. 

Long  term  operation  under  constant  load  was  conducted  at  a 
current  density  of  0.2  A  cm-2  at  160  °C.  The  stack  with  MEAs  with 
an  active  area  of  153  cm2  was  fueled  with  reformed  methanol 
(77  vol%  H2, 1  vol%  CO  and  22  vol%  C02)  on  the  anode  with  a  stoi¬ 
chiometry  of  1.4  and  air  at  the  cathode  with  a  stoichiometry  of  2.0. 

2.5.  Exhaust  gas  analysis 

The  exhaust  gas  of  the  cathode  and  of  the  anode  was  collected 
with  a  condensation  trap,  which  cools  the  exhaust  gas  streams 
down  to  a  dew  point  of  2  °C.  The  collected  water  from  the  anode 
and  from  cathode  gas  exhaust  stream  was  separately  collected  and 
the  H3PO4  content  was  determined  by  the  reaction  of  H3PO4  with 
molybdenum  blue  in  a  UV/VIS  spectrometer  Lambda  35  from  Perkin 
Elmer. 

2.6.  MEA  post-mortem  analysis 

The  catalytic  active  surface  area  of  the  samples  was  determined 
from  cyclic  voltammograms  using  a  Zahner  PP241  (Zahner  Elektrik) 
and  a  Zahner  IM6ex  electrochemical  workstation.  The  MEAs  were 
tested  in  a  153  cm2  single  cell  and  fed  with  dry  hydrogen  on  the 
anode  and  humidified  nitrogen  on  the  cathode.  The  electro¬ 
chemical  surface  area  (ECA)  was  determined  by  cycling  the  cathode 
between  0.095  and  1.1  V  with  0.1  V  s^1  100  times,  followed  by  an 
analysis  scan  with  0.05  V  s_1.  The  ECA  was  calculated  according  to 
Equation  (1). 


Temperature  /  °C 

Fig.  1.  TGA-comparison  of  four  different  drying  periods  while  heating  the  material  up 
to  600  °C. 

5.6  wgt-%.  In  this  temperature  range  the  stronger  bound  DMAc  is 
decomposing.  The  glass  transition  point  of  pure  PBI  films  casted 
from  DMAc  is  known  to  be  around  400  °C  and  the  decomposition 
starts  at  temperatures  above  600  °C  [35,39  .  The  structural  changes 
in  the  PBI  are  reported  to  begin  above  350  °C  [33-35  .  Therefore, 
the  identical  weight  losses  above  350  °C  are  not  discussed  here. 
Overall,  1  h  post-curing  resulted  in  a  higher  thermal  stability  in  a 
temperature  range  till  300  °C  compared  to  the  undried  membrane 
by  containing  less  DMAc,  whereas  a  thermal  post-treatment  of  3  h 
reduced  the  decomposition  of  the  membrane  samples  even  at 
higher  temperatures.  These  results  are  in  correlation  with  the  data 
reported  from  Aili  et  al.  for  post-cured,  pure  PBI-membranes  [33  . 

3.2.  Dimensional  changes 


ECA  (cm2mg  M  =  Charge  fpCcm  /  210  fpCcm 


.—2 


x  catalyst  loading  ( mg  cm 


-2 


(1) 


To  obtain  the  acid  content  of  the  MEAs  before  and  after  opera¬ 
tion,  they  were  extracted  in  water  at  70  °C  over  night.  The  acid 
content  in  the  resulting  extract  was  analyzed  by  the  intensity  of 
molybdenum  blue  reaction  in  a  UV/VIS  spectrometer  Lambda  35 
from  Perkin  Elmer. 

Electrical  short  circuits  in  the  active  area  of  the  MEAs  after 
operation  were  located  with  an  infrared  camera  from  Fluke  by 
detection  of  the  hot  spots  under  voltage. 


3.  Results  and  discussion 


3.1.  Thermal  stability 

The  influence  of  post-curing  on  the  samples'  thermal  stabilities 
between  40  and  600  °C  is  shown  in  Fig.  1.  A  first  mass  loss  that  is 
due  to  the  evaporation  of  around  6  wgt-%  water  and  traces  of  DMAc 
appears  in  all  measurements.  When  heating  the  samples  further, 
first  differences  occur  in  the  temperature  range  between  150  °C  and 
250  °C,  when  the  undried  material  looses  3.9  wgt-%,  whereas  the 
mass  of  the  other  samples  remain  nearly  unchanged.  With  the 
boiling  point  of  DMAc  being  at  165  °C,  these  results  indicate  a 
complete  evaporation  of  loose  bound  DMAc  during  post-treatment. 
In  the  temperature  range  between  250  and  350  °C  the  weight  loss 
of  all  samples  is  different  (Fig.  1).  Whereas  the  undried  material 
evaporates  10.5  wgt-%,  the  3  h  dried  membrane  had  a  loss  of 


The  experimental  data  in  Table  1  summarize  the  dimensional 
and  color  changes  after  different  post-curing  periods.  Every  addi¬ 
tional  hour  of  drying  leads  to  shrinking  of  the  membrane  both  in 
plane  and  in  thickness.  When  the  solvent  DMAc  evaporates  out  of 
the  material  and  the  polymer  is  thermally  treated  for  a  long  period, 
the  dynamics  of  the  polymer  chains  raise.  Due  to  this  the  proba¬ 
bility  that  they  can  relax  into  their  initial  structure  increases  and  it 
can  be  speculated  that  the  polymer  chains  start  to  coil.  This 
behavior  is  often  found  for  heat  treated  polymer  films  [40].  This 
dense  structure  freezes  in  when  cooling  the  samples  under  air 
directly  to  room  temperature,  leading  to  smaller  dimensions.  The 
color  of  the  membranes  got  darker  during  post  treatment,  which 
indicates  morphological  changes.  Color  changes  are  often  observed 
when  the  polymer  chains  align  in  preferred  direction  or  the  amount 
of  amorphous  or  crystalline  phase  increases  [41].  The  XRD  data  of 
the  samples  M0  to  M3  are  shown  in  Fig.  2.  In  all  patterns  a  broad 
peak  with  a  maximum  at  around  22°  26  is  observed  which  indicates 
a  predominantly  amorphous  character  of  the  PBI,  which  is  also 
often  found  in  literature  [34].  For  the  membrane  M0  two  distinct 


Table  1 

Dimensional  and  optical  changes  at  different  post-curing  periods. 


Drying 
period  [h] 

Shrinking  in 
plane  [%] 

Shrinking  in 
thickness  [%] 

Color 

0 

— 

— 

Yellow 

1 

6.6 

5.9 

Lightbrown 

2 

7.4 

6.6 

Brown 

3 

12.1 

8.8 

Darkbrown 
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Fig.  2.  X-ray  diffraction  patterns  of  all  investigated  membrane  MO,  Ml,  M2  and  M3. 

peaks  occur  in  addition  at  17.1°  and  26.0°  20  values  which  can  be 
correlated  to  a  partially  crystalline  character  of  the  membrane.  The 
20  values  correspond  to  periodicity  lengths  of  6.0  A  and  4.0  A 
respectively.  While  the  signal  at  26.0°  does  not  change  with 
increased  heating  time,  the  signal  at  17.1°  exhibits  reduced  in¬ 
tensity  after  one  hour  of  heat  treatment  (membrane  Ml)  and  dis¬ 
appears  after  two  or  more  hours  (membrane  M2  and  M3).  This 
leads  to  the  assumption  that  due  to  the  heating  the  larger  ordered 
structures  in  the  membrane  decrease  whereas  the  crystalline  parts 
responsible  for  the  peak  at  a  scattering  angle  of  26.0°  are  not 
affected.  Thus,  we  assume  that  the  darkening  is  attributed  to  a 
change  in  crystallinity  as  well  as  a  higher  density,  resulting  from 
membrane  shrinking. 

3.3.  Solubility  in  DMAc,  liquid  uptake  and  swelling 

The  solubility  of  different  post-cured  samples  in  DMAc  are 
shown  in  Fig.  3.  The  extraction  residues  rise  with  the  curing  period. 
The  highest  insolubility  is  observed  for  the  3  h  treated  material 
with  a  residue  of  89%,  whereas  the  not  cured  membrane  dissolves 
completely  in  DMAc.  These  results  are  also  in  agreement  with  the 
results  of  Aili  et  al.  for  post-cured,  pure  PBI-membranes  [33]. 
Therefore,  the  main  benefit  for  the  enhanced  stability  against 


Post-curing  period  /  h 

Fig.  3.  Extraction  residues  in  DMAc  same  as  liquid  uptakes  and  swelling  in  phosphoric 
acid  of  different  post-cured  samples. 


solubility  in  DMAc  is  gained  from  the  structural  changes  within  the 
polymer  membrane  and  not  by  additional  cross-linking  effects.  The 
liquid  uptake  of  the  samples  in  phosphoric  acid  is  increased  linearly 
from  360  to  820%  by  extending  the  curing  period  from  0  h  to  3  h. 
Whereas  the  swelling  of  the  membranes  in  plane  also  showed  a 
linear  increase,  the  swelling  in  thickness  is  reduced  by  longer  post¬ 
curing  periods.  Longer  thermal  treatment  enhanced  the  liquid 
uptake  and  swelling  of  the  samples,  while  keeping  the  flexibility 
and  handling  properties  of  the  doped  membranes.  Due  to  the 
added  cross-linker,  the  undried  samples  did  not  dissolve  in  the  acid, 
which  is  in  concordance  with  the  literature  data  [30,33  . 

3.4.  Mechanical  stability 

Stress-strain  curves  of  the  different  post-cured  materials  were 
measured  to  test  the  mechanical  stability  of  the  samples  (Fig.  4). 
Within  the  first  hour  of  drying  the  largest  change  in  microstructure 
occurs,  leading  to  improved  mechanical  properties.  The  Young's 
modulus  rises  from  an  average  of  3.6-4.7  GPa  and  the  yield  stress 
increases  from  110  to  160  MPa.  With  further  post-curing  an 
improved  yield  and  ultimate  stress  was  observed.  On  the  other  hand, 
additional  drying  reduced  the  ultimate  strain  from  50%  to  a  mini¬ 
mum  of  13%.  Therefore,  post-curing  enhanced  the  strength  in  the 
elastic  region  and  reduced  the  plastic  deformation.  This  is  in  agree¬ 
ment  with  the  results  recently  reported  for  phosphoric  acid  doped 
PBI-membranes  at  higher  curing  times  and  temperatures  [33]. 

3.5.  Polarization  curves 

The  polarization  curves  in  Fig.  5  reveal  just  a  minor  influence  of 
post-treatment  on  the  MEAs'  performance.  Therefore,  the  struc¬ 
tural  changes  that  were  observed  ex-situ  for  the  membranes  with 
3  h  post-curing  data  do  not  result  in  a  higher  BOL  performance.  As 
all  three  samples  are  equivalent  in  BOL  performance,  only  the  1  h 
and  3  h  dried  samples  were  further  analyzed  regarding  lifetime 
stability. 

3.6.  Constant  current  operation  and  start-stop-cycles 

In  constant  fuel  cell  operation,  the  MEAs  of  the  cross-linked 
membrane  show  significantly  better  performance  and  durability 
in  comparison  to  the  3  h  dried  PBI  reference  membrane  (Fig.  6).  On 
the  other  side,  at  a  current  density  of  0.2  A  cm-2,  the  post¬ 
treatment  of  the  membranes  has  no  influence  on  the  degradation 
rate  of  the  MEA.  The  break  between  1700  and  1900  h  can  be 
attributed  to  a  200  h  fuel  cell  test  station  shutdown. 

The  cycle  stability  of  the  1  h  and  3  h  post-cured  membranes  was 
simulated  in  MEAs  under  fuel  cell  conditions  via  start-stop  cycling 
at  0.5  A  cm-2.  The  results  are  shown  in  Fig.  7.  The  graph 


Fig.  4.  Stress-strain-curves  of  different  post-cured  membrane  samples. 
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Fig.  5.  Polarization  curves  of  the  post-cured  membrane  samples. 


demonstrates  that  the  degradation  rate  per  cycle  of  the  3  h  dried 
material  is  lower  compared  to  the  1  h  dried  material.  At  lower 
current  densities  of  0.2  A  cm-2  the  post-treatment  of  the  mem¬ 
branes  has  no  influence  on  the  degradation  rate,  whereas  the 
longer  dried  samples  show  a  significant  lower  degradation  rate  at 
the  higher  current  densities  during  start-stop  cycling.  These  cur¬ 
rent  density  depending  results  correlate  with  the  data  published 
for  higher  temperatures  under  argon  treatment  [33].  Therefore,  the 
measured  data  prove  that  lower  post-treatment  temperatures  and 
shorter  drying  times  of  3  h  at  250  °C  under  air  result  in  the  same 
benefits  as  16  h  thermal  treatment  at  350  °C  under  argon.  In 
addition  to  that,  the  positive  effect  of  thermal  post-treatment  can 
also  improve  the  lifetime  of  a  cross-linked  membrane. 

3.7.  Degradation  analysis 

Looking  at  the  common  degradation  mechanisms  in  fuel  cell 
membranes,  the  following  lifetime  determining  effects  can  explain 
the  higher  cycle  stability  of  longer  post-cured  materials.  The  cath¬ 
ode  ECA  of  the  samples  before  and  after  operation  was  measured  by 
cyclic  voltammetry  on  the  cathodes.  The  ECA  of  the  1  h  post-cured 
sample  was  reduced  by  27%  from  120  to  88  cm2  mg-1.  In  compar¬ 
ison  to  a  20%  loss  from  120  to  96  cm2  mg-1  of  the  MEA  with  the  3  h 
dried  membrane,  the  difference  of  7%  is  not  high  enough  for  being 
the  main  mechanism  resulting  in  such  a  high  degradation  rate. 
Another  effect  that  is  often  observed  in  HTPEM-MEAs  is  the  loss  of 
phosphoric  acid  [42,43  .  The  determination  of  the  phosphoric  acid 
content  in  the  exhaust  gases  and  extraction  of  the  MEAs  after  start- 
stop  operation  indicate  that  a  significant  amount  of  phosphoric  acid 
is  washed  out.  All  MEAs  lost  around  36  wgt-%  of  phosphoric  acid  in 
total  with  a  steady  phosphoric  acid  loss  of  2.7  pg  h  1  into  the 
exhaust  gases.  However,  as  the  leaching  is  independent  of  the  post- 


Fig.  6.  Constant  current  measurements  at  0.2  A  cm  2  of  the  MEAs  of  Ml,  M3  and  P3 
membranes. 
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Fig.  7.  Start-stop  cycling  of  1  h  and  3  h  post-cured  membranes.  For  clarity  only  con¬ 
stant  operation  at  0.5  A  cm  2  is  plotted  in  the  graph. 


curing  period  of  the  membrane,  it  is  not  the  major  effect  in  this 
case.  To  analyze  the  formation  of  pinholes  or  fractures  in  the 
membrane  during  MEA  operation,  electrical  short  circuit  localiza¬ 
tion  tests  were  carried  out.  Observation  of  the  start-stop-cycled 
MEAs  revealed  that  the  1  h  dried  samples  formed  short  circuits  in 
the  active  area  of  the  MEA,  whereas  the  3  h  cured  materials  still 
possessed  good  performance  and  no  short  circuits  could  be 
observed.  Therefore,  thermal  curing  enhances  the  resistance  of  the 
membrane  material  against  short  circuit  formation  and  leads  to  a 
lower  degradation  rate  at  higher  current  densities  under  cycled 
operation. 

4.  Conclusion 

In  order  to  investigate  the  influence  of  thermal  post-curing  on 
cross-linked  membranes,  they  were  treated  for  1,  2  and  3  h  at 
250  °C  under  air  in  the  oven.  Ex-situ  experiments  proved  an  in¬ 
crease  in  mechanical  and  thermal  stability  and  higher  stability  in 
solvents  of  the  thermally  treated  membranes.  A  higher  acid  uptake 
capacity  and  chemical  linkage  were  observed  such  as  a  better 
thermal  resistance  and  higher  strength  of  the  material.  The  effect  of 
different  thermal  post-curing  on  BOL  performance,  degradation 
under  constant  load  and  start-stop-cycling  stability  of  a  PBI-based 
fuel  cell  membrane  was  investigated.  In  BOL  polarization  curves 
the  samples  were  shown  to  be  unaffected  by  different  curing  times. 
The  degradation  rate  at  a  current  density  of  0.2  A  cirT2  under 
constant  operation  also  did  not  change  by  rising  the  curing  period 
from  1  to  3  h.  Otherwise,  a  high  influence  of  post-curing  was 
observed  under  start-stop-cycled  operation  at  0.5  A  cm-2.  After  3  h 
post-curing  a  significant  reduced  degradation  and  better  cycle 
stability  of  the  MEAs  at  the  same  level  of  BOL  performance  was 
observed.  Post-mortem  analysis  of  the  MEAs  revealed  three  degra¬ 
dation  mechanisms  of  reduced  cathode  catalyst  activity,  acid  loss 
and  pinhole  formation.  Resulting  in  short  circuits,  pinhole  forma¬ 
tion  was  found  to  be  the  reason  for  the  higher  degradation  rate  of 
1  h  post-cured  MEAs.  Overall,  the  present  work  shows  that  3  h 
post-curing  of  cross-linked  membranes  at  250  °C  under  air  signif¬ 
icantly  enhances  the  MEAs'  resistance  against  short  circuits. 
Therefore,  post-curing  under  air  is  presented  as  a  promising 
method  for  the  reduction  of  degradation  determining  effects. 
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Glossary 

BOL:  begin-of-life 

DMAc:  dimethylacetamide 

ECA:  electrochemical  surface  area 

HT-PEMFC:  high  temperature  polymer  electrolyte  membrane  fuel  cell 

HTPEM:  high  temperature  polymer  electrolyte  membrane 

MEA:  membrane  electrode  assembly 

PBI:  polybenzimidazole 

EGA:  thermo  gravimetric  analysis 

XRD:  X-ray  diffraction 


